ABSTRACT To identify adaptive strategies of gall-inducing cecidomyiids, we studied the life history traits of Pseudasphondylia rokuharensis (Diptera: Cecidomyiidae), a univoltine species inducing fruit galls on a deciduous shrub, Viburnum dilatatum. Although univoltine gall midges that are associated with trees or shrubs are usually difÞcult to rear from immature stages under artiÞcial conditions, we successfully reared P. rokuharensis from Þrst instar to adult. Mature larvae entered diapause in autumn, and the diapause terminated after low temperature treatment (4 mo of incubation at 5ЊC). The adults emerged within a shorter period of time than those without low temperature treatment. Thus, the diapause provides better synchronization of adult emergence in the spring. Because adults live for only a few days, this synchronization improves the chances of adults Þnding a mate. This is the Þrst report on the mechanism of larval diapause termination for univoltine and tree-or shrub-associated gall midges. The numbers of days needed for adults to emerge under laboratory conditions after low temperature incubation were signiÞcantly different between two different localities. This result might suggest the possible existence of ecoclines in their life history parameters.
Many herbivores, particularly univoltine species, have life histories that synchronize their youngest larval stadium with the appearance of target host organs, such as spring shoots, ßower buds, and young fruit (Yukawa 2000) . The short adult life span of phytophagous cecidomyiids, i.e., 1Ð3 d (Barnes 1956 , Redfern 1975 , Sunose 1983 , Yukawa and Ohsaki 1988 , necessitates the strict synchronization of adult emergence to ensure success in mating and host Þnding (Yukawa 2000, Yukawa and Rohfritsch 2005) . Many studies have shown that the adults of univoltine gall midges emerge over a short period of time (Miller and Borden 1984 , Sunose 1985 , Tabuchi and Amano 2003 , Tokuda and Yukawa 2003 , Tokuda et al. 2004a . The study of mechanisms underlying the synchronization of adult emergence is useful for understanding adaptive and reproductive survival strategies.
Life history strategies of univoltine gall midges are recognized into four basic types according to their overwintering sites and stages: type IA, overwintering as mature larvae in cocoons in the ground; type IB, overwintering as mature larvae in galls that have dropped to the ground; type IIA, overwintering as mature larvae in galls on the host plant; type IIB, overwintering as immature larvae in galls on the host plant (Yukawa 1987, Yukawa and Rohfritsch 2005) . Many ecological studies have shown various unique life history strategies of gall midges (examples are shown in Sunose 1978 , Katlabi and Coutin 1979 , Maeda et al. 1982 , Takasu and Yukawa 1984 , Duncan 1994 , Okuda and Yukawa 2000 . However, the mechanisms underlying these strategies have not yet been investigated for gall-inducing cecidomyiids that inhabit trees or shrubs. This is because of experimental difÞ-culties in holding trees or shrubs in environmental chambers and because artiÞcial diets have not been developed for gall midges.
In this study, we focused on Pseudasphondylia rokuharensis Monzen (Diptera: Cecidomyiidae), a univoltine, monophagous gall midge inducing single-chamber galls on fruit ( Fig. 1 ; each gall contains one larva) of a deciduous shrub, Viburnum dilatatum Thunb. (Caprifoliaceae) in Honshu, Shikoku, Kyushu, and Sadogashima Island, Japan Masuda 1996, Tokuda and . Although midge galls are known to drop to the ground generally after the gall midge larvae have matured, galls of P. rokuharensis drop to the ground when the larvae are in the Þrst or second instars (Fig. 2) (Yukawa and Masuda 1996) . Thus, P. rokuharensis can develop from the Þrst or second instars to adults in the galls detached from the host plants. Therefore, we considered that this species was suitable for study of the life history traits of gall midges under laboratory conditions.
In this study, we intended to (1) rear the gall midge continuously under laboratory conditions from Þrst instar to adult; (2) clarify whether the third instars enter diapause in autumn; and if so, (3) show the mechanism of diapause termination in the third instars. Based on the results, we discuss the survival strategies of P. rokuharensis.
Materials and Methods
General Information on P. rokuharensis. The life history of P. rokuharensis is summarized in Fig. 2 . The adults emerge from the galls on the ground in early May, and females lay their eggs into young host fruit: First instars spend the summer in the fruit galls and develop into the second and third (ϭÞnal) instars between late September and mid-October: Galls gradually fall to the ground in autumn, when most larvae inside the galls are not full grown. The larvae can complete their development even in the fallen fruit galls by feeding on the host tissue inside the galls. The larval developmental phenology in the fallen galls on the ground is not different from that in the galls remaining on the shrubs. The third instars overwinter in the galls on the ground and pupate the following April (Monzen 1955 , Yukawa 1987 , Yukawa and Masuda 1996 , Tokuda and Yukawa 2002 .
Larval developmental stages of P. rokuharensis are easily recognized as follows. Third instars are yellow, relatively fat, Ϸ3 mm long (Tokuda and Yukawa 2005) , and possess four-pointed sternal spatula on the ventral surface of prothorax (Tokuda and Yukawa 2002) : Second instars are white, relatively slender, and about one half as long as third instars. First instars are tiny and Ͻ1 mm long.
Experiment 1: Laboratory Rearing of P. rokuharensis from the First Instar to Adult. Laboratory experiments were conducted to examine whether P. rokuharensis in galls taken directly from the host can be reared under artiÞcial conditions from Þrst instars to adults. Second, 122 galls of P. rokuharensis were collected on 16 October 2001 in Taiwa (38Њ26Ј N, 140Њ54Ј E), Miyagi Prefecture, from the ground under two adjacent shrubs. The source shrubs of these galls could not be distinguished because the branches overlapped one another. A randomly selected sample of 20 galls was immediately dissected to examine the developmental stage of the gall midge. The remaining galls were kept in a plastic bag and were maintained at 5ЊC and 10 L:14 D (the mean air temperature and natural daylength of mid-December in Miyagi Prefecture) in an incubator for 4 mo. In addition, the remaining three galls that had been collected in Hanayama were also transferred on 16 October 2001 into an incubator at 5ЊC and 10 L:14 D to rear adults.
On 16 February 2002, the remaining 102 galls were transferred into a rearing condition of 15ЊC and 13 L:11 D (the mean air temperature and natural daylength of mid-April in Miyagi Prefecture). To examine the changes in the developmental stages of the gall midge, 10 galls collected on 16 October were randomly selected and dissected every 5 d from 17 February to the date of the Þrst emergence of adults (six sample dates). The remaining galls in the bags were moni- tored every day from 17 February to 26 March to record the daily emergence of adults.
A sigmoid curve was constructed from the data of adult emergence using GraphPad Prism 4 (GraphPad Software, San Diego, CA) following the method mentioned in Kostal and Havelka (2001) . The mean number of days needed for 50% of adults to emerge (Et 50 ) and the degree of synchrony in the adult emergence (Hill Slope) were calculated.
Experiment 2 The effects of the associated shrubs and of low temperature incubation on the percentage of adult emergence were analyzed by nominal logistic regression using the JMP 5.1.1 statistical package (SAS Institute 2003) . Effects of associated shrubs, sex, and low temperature incubation on the time (days) needed for the emergence of gall midge individuals were analyzed by three-way analysis of variance (ANOVA), and treatments were compared with Wilcoxon-MannWhitney test using JMP 5.1.1. In this analysis, a sigmoid curve was not constructed for the adult emergence in each treatment because of the small numbers of replicates, which may not represent the true values of the emergence time.
In addition, geographical variation in the timing and synchrony of adult emergence was examined using the data with low temperature incubation in experiments 1 and 3. As mentioned earlier, source shrubs of galls collected from Miyagi on 16 October 2001 could not be distinguished. Therefore, the data for shrubs 1 and 2 in experiment 3 were combined in this analysis. Even though the long daylength adopted in both experiments was slightly different (13 L:11 D in experiment 1 and 14 L:10 D in experiment 2), we compared the results obtained from these experiments based on the assumption that the larval developmental phenology after the diapause termination is simply correlated to thermal conditions. The data of adult emergence were normalized to percentages and sigmoid curves were constructed using GraphPad Prism 4. The differences in the values of Et 50 and of the Hill slope between the population in Miyagi and Ibaraki were statistically assessed by the F-test.
Results
Experiment 1: Laboratory Rearing of P. rokuharensis from the First Instar to Adult. A subsample of the galls collected from Miyagi on 17 and 18 September 2001 (n ϭ 40) contained Þrst instars of the gall midge when dissected immediately after collection. On 14 October 2001 after incubation at 15ЊC and 11 L:13 D, the gall midge larvae were in the third instar (n ϭ 40).
Gall midge larvae had already become third instars when the galls were collected from Miyagi on 16 October 2001 (n ϭ 20). They remained as third instars during and after the 4-mo incubation at 5ЊC (17 February 2002; Fig. 3) , and the larvae started to pupate soon after transfer to 15ЊC and 13 L:11 D (Fig. 3) . Adult emergence started from 26 d after the transfer into 15ЊC and 13 L:11 D (Fig. 3) and lasted until 35 d after the transfer (Fig. 4, E) . The Et 50 was 27.76 Ϯ 0.014 (SE) d (n ϭ 39) after the transfer, and the Hill slope was 0.4956 Ϯ 0.007. The percentage of adults that successfully emerged was 88.6% (39 adults/44 galls). Experiment 2: Long-Term Maintenance of Larvae at 15؇C Without Low Temperature Incubation. All 10 galls contained third instars when they were dissected on 22 October. Even after incubation for 100 d at 15ЊC and 10 L:14 D, the gall midge larvae in the 20 galls remained in the third instar, without exception.
Experiment 3: Factors Affecting the Adult Emergence of P. rokuharensis. The percentages of adults that successfully emerged were 63.6% and 59.1% for shrub 1 with and without low temperature incubation and 76.9% and 69.2% for shrub 2 with and without low temperature incubation, respectively. The percentages were not signiÞcantly different among the treatments (nominal logistic regression: df ϭ 1, Wald 2 ϭ 1.513, P ϭ 0.219 for the effect of associated shrubs; df ϭ 1, Wald 2 ϭ 0.438, P ϭ 0.508 for the effect of low temperature incubation; df ϭ 1, Wald 2 ϭ 0.052, P ϭ 0.820 for the interaction effect of associated shrubs ϫ low temperature incubation). The number of days needed for the emergence of adults after transferring into 15ЊC and 14 L:10 D were much shorter in the individuals with low temperature incubation than in those without the incubation (Table 1) . The low temperature incubation signiÞcantly advanced timing of adult emergence (Table 2 ; Wilcoxon-Mann-Whitney test, z ϭ 6.992, P Ͻ 0.0001). Moreover, adults that had experienced the low temperature incubation emerged within a signiÞcantly shorter period of time than those without the experience, as shown by variance (Tables  1 and 2 ). Adult emergence was also signiÞcantly affected by the associated shrubs (Table 2 ), although the difference was not signiÞcant based on the Wilcoxon-Mann-Whitney test (z ϭ Ϫ1.61068, P ϭ 0.1072). In addition, there was an interaction effect of associated shrubs and low temperature incubation. In all treatments, males tended to emerge earlier than females (Table 1) , although the difference between sexes was not statistically signiÞcant ( Table 2) .
The Et 50 and Hill slope in the Ibaraki population were 41.89 Ϯ 0.052 d (n ϭ 34) and 0.3028 Ϯ 0.010, respectively (Fig. 4, F) . Both values were signiÞcantly different between the population in Miyagi and Ibaraki ( Fig. 4 ; F ϭ 36729, P Ͻ 0.0001 for Et 50 ; F ϭ 187.5, P Ͻ 0.0001 for Hill slope). The difference of Et 50 was much larger between localities (Fig. 4) than between associated shrubs in the same locality (Table 1 , a few days in the experiment with low temperature incubation).
Discussion
In this study, we reared P. rokuharensis successfully from the Þrst instar to adult under laboratory conditions. Therefore, to study detailed life history parameters, we considered P. rokuharensis as an appropriate species among the univoltine gall midges associated with trees and shrubs.
In laboratory experiments, we found that the third instars entered diapause in autumn. The third instars that experienced the low temperature incubation emerged signiÞcantly earlier and within a shorter period of time than those without low temperature incubation (Tables 1 and 2 ). Because of the restricted number of galls available in this study, we could not examine the adult emergence in short daylength after the low temperature incubation. Therefore, we were not able to separate the effect of long daylength from the low temperature incubation. However, these results indicate that the low temperature has a critical role to terminate the larval diapause of P. rokuharensis. Only a few studies have dealt with larval diapause termination in Cecidomyiidae, and all of them indicate that a particular temperature is critical for the termination of larval diapause. For example, temperatures of 20 Ð30ЊC were optimum for diapause termination of Stenodiplosis (ϭContarinia) sorghicola (Coquillett), a major pest of sorghum, and the photoperiod had no signiÞcant role in the termination (Baxendale and Teetes 1983) . Low temperature incubation at 2ЊC for 112 d was optimal for diapause termination of Sito- (Kostal and Havelka, 2001 ). Our result is the Þrst report on the mechanism of larval diapause termination for a univoltine and tree-or shrub-associated gall midge. The third instars started to pupate soon after termination of low temperature incubation (Fig. 3) . Therefore, P. rokuharensis seems to enter diapause after the larvae mature in autumn. Diapause in the third instars probably has an adaptive signiÞcance because it concentrates adult emergence within a short period of time in spring to increase the possibility of successful mating (Table 1) .
The males of P. rokuharensis tended to emerge earlier than the females (Table 1) . This is a common phenomenon observed in Cecidomyiidae that is believed to allow for optimal sclerotization of male body parts before the females emerge and increases the probability of males mating early-emerged females , Yukawa and Sunose 1976 , Teetes 1985 , Gagné 1989 .
Both Et 50 and Hill slope in the adult emergence were signiÞcantly different between the populations in Miyagi and Ibaraki (Fig. 4) . These differences between localities may reßect the presence of ecological clines in life history parameters among the gall midge populations. Namely, different local populations of the gall midge might have different life history parameters to adapt to host phenology in each locality. To conÞrm this possibility, it is worth gathering the information on the life history parameters of P. rokuharensis from various localities.
Results obtained from this study indicate that P. rokuharensis achieves synchronized emergence by entering diapause in autumn as the third instar and respective local populations possibly synchronize with the host phenology related to different life history parameters of the gall midge. Successful rearing of P. rokuharensis from the Þrst instar to adult is noteworthy and will allow further study of the effects of photoperiod and the degree and timing of cold temperature on diapause induction and termination.
